Objective: Tinnitus is a common symptom of hearing impairment. Patients who are bilaterally hard of hearing are often affected by tinnitus. However, they cannot undergo any of the standard tinnitus therapies, since they rely on hearing. Cochlear implantation (CI) used to treat severe hearing disabilities, such as bilateral hearing loss, was also shown to reduce tinnitus. Our goal was to determine if CI induces sustained reduction of tinnitus. We performed prospective, longitudinal analyses of tinnitus-related distress in a uniform group of bilaterally deafened patients after CI.
inTrODUcTiOn Tinnitus is a common symptom of hearing impairment (1) (2) (3) . Therapeutic use of hearing aids to treat mild-to moderate hearing loss was demonstrated to correlate with a decrease of tinnitus (4) , although the data generated by clinical research neither support nor dismiss the use of hearing aids in tinnitus treatment (5) . Of all types of hearing impairment, the most cumbersome is the severe bilateral hearing loss, which is often treated with cochlear implantation (CI) (6) (7) (8) (9) (10) . Bilateral hearing impairment affects 12.7% (30 million) of the US Americans above 12 years of age, and the prevalence of bilateral hearing impairment increases with age (11) . We and others have previously reported the incidence of tinnitus among the bilaterally hearing-impaired patients ranging between 70 and 90% (12) (13) (14) and making tinnitus a serious complaint in this particular group of patients.
Already decades ago, clinical observations linked the CImediated hearing recovery with the reduction in tinnitus (15) (16) (17) . Ever since, various studies addressed the relationship between cochlear implants and tinnitus (12) ; however, the outcomes of the studies were somewhat conflicting. There are three main reasons for this: the first is varying sample size (from 1 to 26); the second is using different follow-up times (from 1 to 24 months) (18, 19) ; and the third is that despite recent recommendations to measure tinnitus-related distress before and after CI (10) , the methods and the domains vary extremely from study to study (20) . Furthermore, the design of clinical trials is often retrospective and the patients included have various types of hearing impairment (21) (22) (23) . Moreover, the methods of treatment are frequently dissimilar and include unilateral hearing impairment treated with unilateral CI to bilateral hearing impairment treated with bilateral CI.
In our earlier studies, we concentrated on measuring the influ ence of CI on the quality of life (24) , tinnitus-related distress, and psychological comorbidities (13, 14) . We have demonstrated significant improvement of all domains measured following the CI. However, the follow-up time was rather short (13) and the patient sample was not homogenous (14) .
The outstanding question in the field is how the cochlear implants affect tinnitus and tinnitus-related distress. The full answer to this question will be possible upon accumulation of high-quality evidence. This, in turn, can only be achieved by using specific batch of standardized validated instruments and by applying prospective longitudinal design to the studies.
Our present aim was to study tinnitus-related distress in a relatively homogenous group of patients over a longer period after CI. Our main question was if in this defined cohort, tinnitus-related distress improves solely upon auditory rehabilitation, and if yes, if this improvement is sustained over longer period.
PaTienTs anD MeThODs inclusion criteria
The patients of both genders were consecutively included in the study upon signing written consent. Following inclusion criteria were used:
• diagnosis of bilateral severe or profound hearing loss with speech recognition ≤40% in the Freiburg Monosyllabic Test in quiet and with hearing aid; 65-dB sound pressure level • tinnitus • meeting of the clinical criteria for CI:
• possibility to use general anesthesia • exclusion of retrocochlear disorder (e.g., vestibular schwan no ma) • unremarkable cochlear anatomy • motivation for postoperative audiological rehabilitation • post-lingual deafness.
Description of study
Forty-one patients met the inclusion criteria and were followed for 2 years after CI. The data were collected between 2009 and 2016; the patients were admitted to the hospital between April 2009 and May 2014 for unilateral CI, and their last follow-up appointment was scheduled between July 2011 and February 2016. The appointments were scheduled at 6, 12, and 24 months after the surgery (see Figure 1 ). There were 22 women and 20 men in the sample-descriptive statistics are presented in Table 1 .
Test Performed
All patients were audiologically examined. In addition, they were asked to complete psychometric questionnaires before surgery and during each consecutive appointment. The audiological tests and psychometric questionnaires used were previously described in detail (14, 25) and are presented in Table 2 .
statistical evaluation
For the statistical analyses, SPSS version 23 was used. Normal distribution was tested prior to statistical analysis using the Shapiro-Wilk test and a histogram. Because of lack of normal distribution in the majority of dataset, the Wilcoxon signed-rank test was used to compare the scores before and after CI. Correlations between Tinnitus Questionnaire (TQ) and Nijmegen Cochlear Implantation Questionnaire (NCIQ) scores were performed by computing the Spearman's rank correlation coefficient.
resUlTs

Postimplantation sustained Decrease of Tinnitus-related Distress
Tinnitus was the main inclusion criterion. Prior to CI, the mean TQ score reflecting tinnitus-related distress was 35 ( Table 3) . TQ score decreased significantly already 6 months after CI, and this improvement was sustained over the 24-month follow-up period (Figure 2 ). Significant improvement of tinnitus-related distress was noted in 64.5% of all patients in the cohort. Regarding the individual TQ subscales, the emotional and cognitive distress were significantly reduced 12 and 24 months after implantation but the intrusiveness of tinnitus-related distress decreased already 6 months after surgery and stayed on a significantly lower level as compared to that before CI ( Table 3) . There was a trend in improvement regarding the subscales "auditory perception difficulties" and "somatic complaints, " but this trend has not reached the statistical significance. Data were collected preoperatively and postoperatively about the subjective hearing with the OI. The OI additionally includes a total score in 3 categories: "hearing in quiet," "hearing with background noise," and "localization." The 12 closed questions about everyday situations were marked with points from 1 to 5. The higher the score, the better the subjective hearing abilities by the implanted ear ( Table 3 ). The speech recognition improved rapidly after surgery and was stable during the observation period of 2 years.
Prior to CI, 13 patients were affected by a severe, decompensated, tinnitus-related distress (TQ score = 47 or more). Six months after surgery, four patients had TQ scores on the compensated level, 12 months after surgery, five patients were compensated, and 24 months later, seven patients were compensated. In two patients with compensated TQ scores prior to surgery, tinnitusrelated distress progressed further to the severe, decompensated form after CI (Figure 3 ).
Post-surgery improvement of the healthrelated Quality of life (hrQol), speech Perception, and auditory Performance
The HRQoL measured by NCIQ also improved significantly, and the improvement was sustained over the period of study (Figure 4) . In detail, the scales measuring basic sound perception, advanced sound perception, self-esteem, activity, and social interactions improved significantly 6 months after CI and remained so over the 24 months of the follow-up period. The only scale without statistically significant changes but with a trend toward improvement was "speech production" ( Table 3) .
Six months after CI, Oldenburg Inventory ( Figure 5 ) demonstrated significant improvement in speech understanding in quiet and noise, as well speech localization at all measured time points of the follow-up period (Table 3) . Similarly, monosyllabic Freiburg test indicated significant recovery of the hearing , and 24 months after surgery. E, emotional distress; C, cognitive distress; I, intrusiveness; A, auditory perceptual difficulties; SI, sleeping disturbances; SO, somatic complaints; total, total value.
FigUre 4 | changes in the health-related quality of life nijmegen cochlear implantation Questionnaire (nciQ) and its subdomains over the period of 2 years following cochlear implantation (ci). Shown are mean values and the 95% CI. Pre CI, before CI; post 6, post 12, and post 24, 6, 12, and 24 months after surgery. 1 basic speech perception; 2 advanced speech perception; 3 speech production; 4 self-esteem; 5 activity; and 6 social interactions. 
relationship between TQ and nciQ
To determine if and how tinnitus-related distress affects the HRQoL, we computed the Spearman correlation coefficient for the respective variables. First, we analyzed the data obtained before CI ( Table 4) . We observed negative correlation between total TQ score and speech production (NCIQ3). The subscales indicating cognitive and emotional subscales as well as auditory difficulties reported by TQ were particularly affected. In addition, somatic complains correlated negatively with the backgroundand advanced sound perception as well as with self-esteem and social interactions ( Table 4) . Six months after CI, we found significant negative correlations between the total TQ score and all subdomains of NCIQ (Table 5) , and 12 months after the CI, this was also the case (Table 6 ). Interestingly, 24 months after the CI, the correlations between total TQ score and NCIQ subscales "self-esteem" and "social interaction" were no longer significant ( Table 7) .
compliance Of 42 subjects originally included in this study, 41 patients filled the NCIQ questionnaire at the study onset, 39 patients after 12 months, and 40 patients after 2 years.
DiscUssiOn
Tinnitus is often a symptom of hearing loss. Here, we demonstrated that in the bilaterally hearing-impaired patients with tinnitus, CI not only restores the auditory abilities but also reduces tinnitusrelated distress and that this reduction was sustained for 2 years following surgery. To the best of our knowledge, our present study demonstrates for the first time the course of tinnitus-related distress in a homogenous cohort of bilaterally hard of hearing and tinnitus-positive patients, before and after CI. In addition, we show the relationship between tinnitus-related distress and the HRQoL and the postoperative auditory improvement over the 2-year course. Prior to CI, the TQ score (total and subscales "emotional and cognitive distress" and "auditory difficulties") correlated significantly with the third subscale of the HRQoL NCIQ "speech production, " whereas the total score of NCIQ correlated significantly (negative correlation) with the TQ subscale "somatic complaints" ( Table 4 ). All correlations between NCIQ and TQ were negative, meaning that the decrease of tinnitus-related distress correlated with improvement of the quality of life and vice versa. Although these correlations decreased with time, they remained significant throughout the 24 months of the follow-up period (Tables 5-7 suggesting that the tinnitus-related emotional and cognitive distress as well as tinnitus-related auditory difficulties negatively influenced the life quality of the CI patients. Longer follow-up time should clarify if these correlations decay completely with time.
Before the CI, patients' quality of life (total score) was not affected by the tinnitus-induced auditory difficulties ( Table 4) confirming our earlier observations (13) . Six months after implantation, there was a large (Rho = −0.449) and significant (p = 0.003) negative correlation between these two variables ( Table 5) , very likely reflecting the fact that the process of regaining auditory abilities can be negatively affected by the tinnitus percept. In fact, this correlation and its significance declined 12 months after CI (Rho = −0.385, p = 0.014) ( Table 6 ) and were no longer of significance 24 months after the surgery ( Table 7) .
Tinnitus is a complaint of 70-90% of hearing-impaired patients (12) (13) (14) . In cases of patients who are bilaterally hard of hearing, tinnitus percept is a particularly disturbing symptom, because it is the only auditory input perceived by patients. In such cases, diverting the auditory attention from tinnitus to other sounds is problematic, making the therapeutic approaches difficult if not impossible. The two major therapies globally used for tinnitus treatment are tinnitus retraining therapy (TRT) and cognitive behavioral therapy (CBT). The neurophysiological model proposed by Jastreboff (27, 28) suggests the existence of auditory-limbic-sympathetic network responsible for negative effects of tinnitus sound and inducing the distress and inability to divert the attention of patients from the tinnitus sound. TRT, designed by Jastreboff based on the above theory, has since years been a frequent therapeutic choice of many clinicians (29) (30) (31) . The second method widely used for tinnitus is the CBT, which was developed to treat anxiety disorders, depression, eating disorders, chronic low back pain, personality disorders, depression, and anxiety and successfully applied in the treatment for tinnitus (32) (33) (34) (35) . TRT, CBT, or a combination of both require at least some hearing abilities and can only be used to treat the patients who are hard of hearing and have tinnitus following successful auditory rehabilitation with CI.
The first positive effect of CI on tinnitus was reported in 1976 by House (15) . Ever since, various studies with different sample sizes and inclusion criteria were performed. Corroborating our present results, the decrease of tinnitus-related distress after CI ranging from 46 to 95% was observed previously by others (12, 36, 37) . In our present study, we also observed the reduction of tinnitus-related distress in half of the patients who had severe (decompensated) tinnitus prior to CI.
The central question addressing the mechanism in which CI reduces tinnitus-related distress remains open. The evidence collected in our present study suggests following possible scenarios:
• Following CI, the auditory abilities improve to the degree where the patients can focus their auditory attention on sounds other than tinnitus.
• Following CI, the improved auditory abilities increase the quality of life, thus decrease overall stress and positively affect the loop "stress-tinnitus. "
• Following CI, the direct electrical stimulation of the auditory nerve induces plastic changes in the auditory reducing the tinnitus percept.
More quality evidence needs to be accumulated to determine, which of the presented scenarios is essential for tinnitus reduction after CI. It can also not be excluded that all three mechanisms play a role in tinnitus reduction and habituation. Future trials with specific tinnitus-oriented fitting of cochlear implants could shed more light on that topic.
While until recently, the clinical research involving cochlear implants was focused mainly on the audiological gain; at present, many authors are increasingly interested in changes of the quality of life and tinnitus-related distress (12, 38, 39) . Quaranta et al. reported bilateral disappearance of tinnitus after unilateral CI in 65.8% of the patients (40) , as measured by the Tinnitus Handicap Inventory-an instrument that is similar-but not identical-to TQ (41) . Also, we have demonstrated earlier that the CI, in addition to having positive effect on hearing abilities, improves the life quality and decreases the tinnitus-related distress and psychological comorbidities (13, (42) (43) (44) (45) . There are several psychometric instruments measuring various parameters and domains used in tinnitus research and clinical routine. These instruments vary depending on the clinical orientation of the treating unit (audiology, ORL, clinical psychology or psychosomatic medicine) and on the country. Here, we propose creation of a specific set of standardized, validated, and internationally available instruments to measure CI-specific outcomes, which would include various aspects of tinnitus percept and tinnitusrelated distress. In our present work, we used instruments that are widely available in the German-speaking countries. The Nijmegen Cochlear Implant Questionnaire NCIQ is an internationally validated, disease-specific instrument created for the assessment of the quality of life in patients with cochlear implants. OI is a popular, standardized instrument measuring perceived benefit of hearing aids. Also, the German version of TQ, which measures the tinnitus-related distress, is frequently used in the inpatient and outpatient settings to monitor the severity of tinnitus and its response to treatment. In order to study the influence of tinnitus on the outcome of CI, we suggest designing prospective, longitudinal clinical trials and using defined monitoring batch. Despite using such design, our present study is not free of pitfalls, as it could have included larger sample, and it was neither double blinded nor randomized. In addition, an appropriate control group is lacking. However, blinded and randomized design in the field of cochlear implant is difficult to be implemented because of specific features of the CI treatment, preventing the design of high-level evidence studies (19) . Control group, which for instance could comprise patients who were implanted but their cochlear implants remain switched off, cannot be used because of obvious ethical reasons.
Previously reported high prevalence of tinnitus in the hearingimpaired patients puts the choice of tinnitus treatment in these patients up for discussion (12) . In particular, the task of developing appropriate approach for the tinnitus treatment in bilaterally hearing-impaired patients remains open. The increasing incidence of hearing impairments, including the age-related hearing loss in context of demographic changes in our society, emphasizes the need for improvement in the therapy guidelines (46) .
In addition, although we observed the most pronounced decrease of tinnitus-related distress 12 months after the implantation, the maximal correlation between TQ score and speech recognition (Table 3 ) occurred 6 months after implantation. These results do not contradict each other; rather, they point at the dependence of auditory rehabilitation on tinnitus treatment. Since the auditory benefit is patient specific, it is difficult to measure. Speech recognition-a typical parameter that measures hearing improvement-when used alone is not enough to act as an adequate indicator of tinnitus suppression. This is reflected by the results obtained 2 years after CI. Similarly, the TQ scores suggest that a unilateral acoustic stimulation with noticeable postoperative asymmetry does not lead to an unfavorable influence on the tinnitus-related distress, even over several years. The bilateral CI could be an ultimate target of hearing rehabilitation. In fact, sustained improvement of TQ scores was observed in 40 patients subjected to sequential bilateral CI (25) .
Final conclusion
Taken together, our results suggest that patients who are bilaterally hard of hearing and have tinnitus profit from CI not only by regaining their auditory skills but also by a significant and sustained improvement of the HRQoL and reduction of tinnitus-related distress. Moreover, the negative correlation between tinnitus and the HRQoL indicates the importance of tinnitus as an obstacle in auditory rehabilitation of CI patients. It is tempting to speculate that therapy for tinnitus used after CI would further decrease tinnitus-related distress and, therefore, could increase the quality of life in this specific group of patients.
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